The size and shape evolution of embedded ferromagnetic ␣-Fe nanowires is discussed. The ␣-Fe nanowires are formed by pulsed-laser deposition of La 0.5 Sr 0.5 FeO 3−x on single-crystal SrTiO 3 ͑001͒ substrate in reducing atmosphere. The average diameter of the nanowires increases from d Ϸ 4 to 50 nm as the growth temperature increases from T = 560 to 840°C. Their in-plane shape evolves from circular to octahedral and square shape with ͓110͔ facets dominating as the growth temperature increases. A fitting to a theoretical calculation shows that the circular shape is stable when the diameter of the nanowires is smaller than 8 nm. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.2128480͔
Ferromagnetic nanostructures have attracted considerable interest due to the variety of new materials and devices that could be developed from them such as data-storage media, spin electronics, and memory devices. 1 As the device miniaturization trend continues, new sample growth and patterning methods are needed to fabricate ferromagnetic nanostructures by efficient in situ growth processes that may allow the realization of length scales far below the limits of conventional photolithography.
Recently we reported a simple and novel approach to make single crystalline ferromagnetic iron nanowires by means of self-assembly in heteroepitaxial thin film. 2 The approach is based on the combination of two principles. The first is heteroepitaxy and the second is the phase control under reduction of perovskite-type oxides of general formula LaMO 3 where M is a group VIII metal. It has been shown 3 that these perovskite oxides in bulk form can be reduced to stable compounds having a charge of 1-3 electron per molecule with the full reduced state being the metal M in the La 2 O 3 matrix ͑reduction of 3 electrons per molecule͒. Therefore, depending on the oxidation state of M, these oxides provide an interesting opportunity to create metallic or oxide nanostructures embedded in an oxide matrix through a spontaneous phase decomposition. 2, 4 In addition, in the thin film processing, the nanostructure and the oxide matrix can be epitaxial with respect to each other as well as to the substrate, providing the possibility of heteroepitaxy in three dimensions ͑i.e., both in plane and out of plane͒. 5, 6 In this work, we present the results of these two principles applied to a single-phase La 1−x Sr x FeO 3−x system, and specially focus on the size and shape evolution of the resulting ferromagnetic ␣-Fe nanowires with varying depositon temperature.
The thin films for this study were grown on single crystalline SrTiO 3 ͑001͒ substrates using pulsed laser deposition method with a KrF ͑ = 248 nm͒ excimer laser and a singlephase ceramic La 0.5 Sr 0.5 FeO 3−x target. The films were deposited in vacuum ͑Ͻ5 ϫ 10 −6 Torr͒ at various temperatures ranging from T = 560-840°C and cooled in the same vacuum. The laser energy density was 1.4 J / cm 2 , and the film growth rate was ϳ1.2 Å / s. Figure 1͑a͒ shows the x-ray -2 diffraction spectrum of a film deposited at T = 840°C. The diffraction peaks can be assigned to ͑00ᐉ͒ perovskite SrTiO 3 ͑a = 0. Figures 2͑a͒-2͑c͒ shows plan view TEM images of the nanowires grown at different temperatures. It can be seen that the lateral dimensions of the ␣-Fe nanowires are strongly dependent on growth temperature. By reducing the temperature of deposition, the size and spacing between the iron nanowires decrease. The insets to the figures show statistical size distributions of the nanowires grown at T = 840°C ͓Fig. 2͑a͔͒, T = 760°C ͓Fig. 2͑b͔͒, and T = 560°C ͓Fig. 2͑c͔͒ which fit a Gaussian distribution with mean diameters of d = 50, 16, and 4 nm, respectively. It also shows that for the nanowires grown at T = 760 and 560°C, 95% of the nanowires are within the size range of d = 15-20 nm and d =3-6 nm, respectively. For the samples grown at T = 840°C, the size distribution of the second phase is slightly larger and 85% of the pillars are within the size range of d = 45-55 nm.
It is evident that at lower deposition temperatures, since the mobility of the atoms is low and the diffusion length is short, the nucleation of many small iron second phase sites is favored. At higher deposition temperature the atoms become more mobile and the surface diffusion becomes important resulting in the attachment of Fe atoms to an existing iron second phase nucleus. This leads to the formation of fewer and larger iron second phases. Figure 2͑d͒ shows the temperature dependence of the Fe nanowires' lateral dimensions. It is possible to fit the temperature dependence of the lateral dimensions to an Arrhenius-type behavior yielding an activation energy of E v Ϸ 1.2 eV for the reduction of La 0.5 S 0.5 FeO 3 and the formation of the ␣-Fe nanowires. In addition, we have shown that the volume fraction of the Fe nanopillars in the film equals approximately 10%, 2 and is independent of the deposition temperature. Arrhenius-type behavior of the size evolution of the iron nanowires in addition to constant volume fraction suggests that the growth of the nanowires is kinetically controlled by diffusion during growth. 7, 8 This also explains the broadening of the statistical size distribution of the iron second phase at higher growth temperature. 9 Interestingly the in-plane shape of the nanowires also changes as the temperature of deposition and therefore the size of the nanowires increase. The nanowires grown at temperature around T = 560°C have circular shape with average diameter of about d = 4 nm, see Fig. 3͑a͒ . The shape evolves to octahedral form with only ͓110͔ and ͓100͔ facets as the temperature of deposition increases. An example is shown in Fig. 3͑b͒ for the film grown at T = 760°C. Nanowires with almost square shape form when the deposition temperature is further raised to T = 840°C, see Fig. 3͑c͒ . The equilibrium shapes are all symmetric with ͓110͔ facets dominating.
Here, we first discuss the symmetrical shapes of the iron nanowires and then focus on the temperature dependency of their shapes. The morphologies and symmetry properties of crystals embedded in a crystalline matrix can be explained by the group theory developed by Cahn and Kalonji. 10 In our case, the symmetry point groups for ␣-Fe ͑bcc͒ nanowires and LaSrFeO 4 ͑K 2 NiF 4 ͒ matrix are m3m and 4 / mmm, respectively. Therefore, with respect to group theory a heterophase interface between ␣-Fe and LaSrFeO 4 phases should belong to a group that contains all the point symmetry elements of both the matrix and the second phase, which is 4 / mmm in this case. According to this theory, if the interface point group belongs to 4 / mmm group the symmetry dictated extremum will exist with ͓110͔ and ͓100͔ facets parallel to each other. In our experiments with ␣-Fe nanowires embedded in LaSrFeO 4 , where symmetrical square-shaped second phase is observed, this extremum is therefore an energy minimum.
The energy of a system containing coherent particles is given by the sum of its surface and elastic energies. Because the ratio of elastic to surface energy for a second phase is proportional to its size, the shape that minimizes the surface energy is stable when the second phase is small and evolves to the shape that minimizes the elastic energy when the precipitate is large. 11 As a result, the evolution of the circular to more faceted shapes occurs as the size of the second phase increases. It is interesting to estimate the diameter of the second phase at which this evolution begins. McCormack, Khachaturyan, and Morris have studied the morphological evolution of a cubic coherent inclusion in a two-dimensional elastic medium, 12 which is equivalent to an infinitely long cylinder with the misfit acting only on the plane perpendicular to the cylinder long axis. In their theoretical calculations, minimization of the sum of both surface energy and elastic strain energy leads to an effective length r 0 = /4E * , which measures the relative contribution of both surface and elastic energies. Here is the surface energy and E * is defined as E * =−␤ 2 ⌬ 0 2 /2c 11 ͑2c 11 − ⌬͒, where c ii is the elastic constant, ⌬ = c 11 − c 12 −2c 44 is the elastic anisotropy constant, and ␤ = c 11 +2c 12 is the bulk modulus. We have applied these results to iron nanowires formed by phase decomposition assuming that the principle strain parallel to long axis of nanowires is much smaller than that of perpendicular to long axis. Considering the values available for ␣-Fe ͑bcc͒ with elastic anisotropy constants of c 11 = 222.7, c 12 = 128.7, and c 44 = 131.3 GPa 13 ͑negative elastic anisotropy͒ and surface energy s = 2.41͑J/m 2 ͒ 14 we find that for an in-plane strain of xy = 0.046 ͑equal to the lattice mismatch between ␣-Fe and LaSrFeO 4 ͒, the minimization of free energy in ␣-Fe nanowires results in an effective length of r 0 = 2 nm.
The finite element simulation method performed by McCormack and co-workers 12 shows that the circular shape is stable when the cross-sectional length ͑D͒ of the second phase is D Ͻ 4r 0 . Beyond this diameter the circular nanowires evolve into a more faceted octahedron shape and finally to square shape with elastically soft facets dominating when 4r 0 Ͻ D Ͻ 27r 0 . In this study, the circular shape is observed when the diameter of the nanowires is between 3 and 6 nm. Theoretically, the circular shape of iron nanowires should evolve to octahedral or square cross sections when D Ͼ 8 nm. This is confirmed in the film grown at T = 760°C. Here, octahedral shape with an average diameter around d = 16 nm and ͓110͔ and ͓100͔ facets is observed ͓Fig. 3͑b͔͒. The smallest diameter observed in the films grown at this temperature is around 11 nm ͓Fig. 2͑b͔͒ which shows the same faceting behavior. Thus the transition from circular to octahedral shapes occurs in the region 6 Ͻ d Ͻ 11 nm which is in good agreement with the theoretical values estimated from the model of McCormack and coworkers. The observation of octahedral shape with ͓110͔ and ͓100͔ facets is due to the anisotropic nature of the surface tension. As the temperature of the deposition and therefore the lateral size of the nanopwires increases, square-shaped nanowires are expected to appear with ͓110͔ facets, which tends to be the elastically soft direction in bcc structures. In the present case, even at higher growth temperatures as nanowires of average diameter d = 50 nm are formed, there are some small ͓100͔ facets at the corners of the square as seen in Fig. 3͑c͒ . This is due to the fact that in ␣-Fe with bcc structure the order of the surface free energy is 110 ഛ 100 Ͻ 111 , with the surface energies of the ͓100͔ and ͓110͔ facets very close to each other. 15, 16 In some cases the surface energy of ͓100͔ is shown to be even slightly higher than ͓110͔ facets. This is due to the magnetic energy contribution to the surface energy, which lowers the surface energy of the more open ͓100͔ surface in some 3d metals including iron. 17 In summary, ferromagnetic iron nanowires exhibiting three-dimensional heteroepitaxy have been synthesized through phase decomposition. The size evolution of the iron nanowires suggests that the growth of nanowires is kinetically controlled by diffusion during the growth. The symmetric square shape of the iron nanowires with ͓110͔ facets of ␣-Fe parallel to ͓100͔ facets of the matrix is energetically favorable at high temperatures and corresponds to that predicted by group theory. The in-plane shape evolution of the nanowires from circular to square cross section takes place as the size of the nanowires increases and elastic energy effects dominate. A fit to the theoretical calculations shows that the circular shape evolves first to an octahedral shape followed by a square shape when the diameter of the nanowires increases beyond 8 nm.
